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We investigate the thermal and transport properties of CexLa1−xRu2Al10 to clarify the
origin of the recently discovered mysterious phase below T0=27 K in CeRu2Al10 where a
large magnetic entropy is released, however, the existence of an internal magnetic field is
ruled out by 27Al-NQR measurement. We find that T0 decreases with decreasing x and
disappears at x ∼0.45. T0 of CeRu2Al10 is suppressed down to 26 K under H=14.5 T along
the a-axis. These results clearly indicate that the transition has a magnetic origin and is
ascribed to the interaction between Ce ions. Considering the results of specific heat, magnetic
susceptibility, thermal expansion, and electrical resistivity and also 27Al-NQR, we propose
that the transition originates from the singlet pair formation between Ce ions. Although
its properties in a Ce dilute region is basically understood by the impurity Kondo effect,
CeRu2Al10 shows a Kondo-semiconductor-like behavior. The phase transition at T0 may be
characterized as a new type of phase transition that appears during the crossover from the
dilute Kondo to the Kondo semiconductor.
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The ternary rare-earth compound CeRu2Al10 with an orthorhombic structure
1, 2) shows
a mysterious transition at T0=27 K.
3–6) In the early stage of the study, the origin of the
transition was considered to be the antiferromagnetic (AFM) ordering from a cusp of magnetic
susceptibility and a large peak of specific heat at T0.
3) However, T0 is too high for the series
of RRu2Al10 (R=rare-earth element). The highest magnetic ordering temperature is 16.5 K
in GdRu2Al10.
4, 5) Assuming the de Gennes law, the transition temperature of CeRu2Al10 is
evaluated to be much lower than 27 K. The distance between neighboring Ce ions is as large
as ∼5.2 A˚.2) Thus, we proposed that T0 is not the AFM ordering temperature.
4, 5)
In our previous papers,4, 5) we reported the transport and magnetic properties of
CeRu2Al10 single crystals, and suggested the CDW transition as a possible candidate for
the transition in the following reasons.5) The specific heat shows a sharp peak at T0 and the
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temperature dependence below T0 is expressed as exp(−∆/T ), where ∆ is the excitation gap.
Electrical resistivity was explained by considering the fact that the partial gap on the Fermi
surface is formed below T0. The exp(−∆/T ) like behavior below T0 was also observed for
electrical resistivity and magnetic susceptibility. We also reported the results of 27Al-NQR
where sharp peaks from five nonequivalent Al sites were observed, and, from the very simple
splitting of the peaks in the NQR spectrum below T0, the usual magnetic ordering was ruled
out.6) Then, the nonmagnetic structural transition was considered as another candidate of the
transition.6) The unusual property showing the decrease in the magnetic susceptibility along
all the crystal axes below T0
5) remains to be explained.
Thus, no definite conclusion has yet been obtained for the long-range order (LRO) be-
low T0. The fact that the magnetic entropy at T0 is large suggests the possibility that
the crystalline-electric-field (CEF) ground doublet is associated with it. No LRO exists in
LaRu2Al10. This suggests that the interaction between Ce ions is associated with the LRO. If
this is the case, the suppression of T0 by La doping and the magnetic field effect are expected.
In this letter, we performed the study of CexLa1−xRu2Al10 and the magnetic field effect in
order to clarify the nature of the LRO.
Single crystals were prepared by the Al self-flux method. The specific heat, C was mea-
sured using PPMS. The magnetic susceptibility, χ was measured using MPMS. The thermal
expansion, ∆l/l was measured by the three-terminal capacitance method. The electrical re-
sistivity, ρ was measured by the usual four-probe ac-method. The powder X-ray diffraction
of CeRu2Al10 was examined using BL02B2 in SPring-8. The lattice constants a, b, and c of
CeRu2Al10 at room temperature were confirmed to be 9.12679(4), 10.28036(4), and 9.18798(4)
A˚ by Rietveld analysis, respectively. These lattice constants suggest the trivalency of Ce ions.
Figure 1 shows the temperature, T dependence of the magnetic part of C of
CexLa1−xRu2Al10 (x=1, 0.9, 0.7, 0.5, 0.3, 0.1) in the form C4f/T . Here, the lattice con-
tribution is subtracted using that of LaRu2Al10. A sharp peak of C4f/T at T0 is rapidly
smeared out only by a weak La doping and, T0 decreases down to ∼6 K at x=0.5. However,
the magnitude of the released magnetic entropy at T0, which is ∼0.65 Rln2 for x=1, is al-
most independent of x down to x=0.5. The decrease in T0 with decreasing x clearly indicates
that the transition at T0 should not be ascribed to the nonmagnetic origin such as CDW
and structural transition but to the magnetic origin from the interaction between Ce ions.
We note that the critical concentration of xc ∼0.45 for the phase transition is not unusual
for rare-earth compounds in general. Although there is as yet no detailed information on the
CEF level scheme at present, the large anisotropy in χ suggests that the overall CEF splitting
is expected to be more than ∼300 K and that the CEF ground state is considered to be a
well isolated doublet.5) The magnetic entropy at T0 is expected to originate from this ground
doublet. For x=0.3 and 0.1, no transition is observed down to 0.4 K. On the other hand,
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Fig. 1. (Color online) Temperature dependence of the specific heat of CexLa1−xRu2Al10 in the form
of C4f/T at H=0. The inset shows the x dependence of the transition temperature T0.
C4f/T markedly increases with decreasing temperature. Together with the results of ρ which
will be shown later, the low-temperature increase in the C4f/T of these dilute compounds is
ascribed to the Kondo effect.
Figure 2 shows the T dependence of the inverse magnetic susceptibility χ−1 of
CexLa1−xRu2Al10 measured at H=1 T along the a-axis.
7) The inset shows that of χa be-
low 100 K. As seen in the inset of Fig. 2, T0 decreases with decreasing x, consistent with the
results of C. The decrease in χa below T0 is strongly suppressed for x <0.8. As for x=0.7, the
cusp-like peak is no longer observed at T0. The anomaly is found as only a kink. It is noted
that the low temperature upturn of χa is small even for x=0.7. This suggests that there are a
small number of free magnetic ions and that most of the Ce ions take part in the LRO below
T0. For x=0.5, although the transition is recognized in C, it is not recognized in χa and only
a Curie-like upturn is seen at low temperatures. The T dependence of χa above T∼100 K is
weak at x. This means that the character of Ce ion does not vary with x at high temperatures.
An upward deviation from the T linear dependence seen in high-temperature region appears
at T∼130 K in χ−1a . At present, although we do not know its origin, the CEF effect is one of
the possible origins. Apart from the CEF effect, below T∼100 K, a weak x dependence is seen,
namely, the suppression of χa with increasing x. This suggests the development of the AFM
correlation below T∼ 100 K in compounds with large x values. The magnetization M along
the a-axis of x=1 at T=1.4 K increases almost linearly to H and is 0.3 µB/Ce at H=14.5
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Fig. 2. (Color online) Temperature dependence of the inverse magnetic susceptibility of
CexLa1−xRu2Al10 measured at H=1 T along the a-axis.
7) The inset shows that of the magnetic
susceptibility at low temperatures.
T. This suggests that the upper critical field to the paramagnetic region is much higher than
H=14.5 T, if it exists.
Figure 3 shows the T dependence of the thermal expansion ∆l/l of CeRu2Al10 along
the a-axis under the longitudinal magnetic fields. All the results in magnetic fields show
similar trends. Namely, with decreasing temperature, ∆l/l shows a monotonic shrinkage with
decreasing temperature towards T0 and a steep shrinkage below T0, its shrinkage becomes
smaller with further decrease in temperature. It is seen that T0 decreases from 27 to 26 K
with increasing magnetic field up to 14.5 T as shown in the inset of Fig. 3. The decrease in T0
with increasing magnetic field also indicates that the LRO is formed by the interaction between
Ce ions, and that the critical field from the LRO to the paramagnetic state should exist at a
high field. The ∆l/l’s along the b- and c-axes also show similar temperature dependences with
the same order of magnitude of shrinkage, but T0 is independent of magnetic field strength,
which is expected from the small M along these two directions. These results indicate that
crystal volume decreases below T0. Namely, the LRO below T0 has an energy gain by reducing
crystal volume. This is consistent with the enhancement in T0 with pressure application.
5)
Figure 4 shows the T dependence of ρ of CexLa1−xRu2Al10 (x=1, 0.1) at H=0 T. Here,
I ‖ c. For x=1, ρ increases with decreasing temperature from room temperature and the rate
of increase is enhanced largely below ∼50 K. After showing a sudden increase just below T0,
ρ exhibits a pronounced maximum at T ∼23 K and then a sharp decrease with dereasing
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Fig. 3. (Color online) Temperature dependence of the thermal expansion along the a-axis in longi-
tudinal magnetic fields.
temperature. A small shoulder is seen at T ∼4 K. These behaviors are the same as those
reported in our papers.4, 5) The absolute value of ρ at low temperature is large and thus the
compound should be categorized as a Kondo semiconductor. A sudden increase in ρ below
T0 may be ascribed to the partial gap opening of the Fermi surface.
5) A small shoulder at
approximately around 4 K suggests the existence of some kind of structure in a low-energy
excitation. For x=0.1, ρ shows a metallic behavior at high temperatures but, after showing
a minimum at T ∼ 50 K, it shows an increase with decreasing temperature. These behaviors
are typical of a single impurity Kondo system. This is also supported by the large negative
magnetoresistance at low temperatures shown in the inset of Fig. 4. The result of C for x=0.1
showing an increase in C4f/T with decreasing temperature also supports the existence of the
Kondo effect. These indicate that Ce ion is in principle trivalent for x=0.1.
Figures 5(a) and 5(b) show the T dependences of ρ under the transverse magnetic fields
along the b- and a-axes, respectively. Here, I ‖ c. The insets show the magnetoresistance. For
H ‖ b, ρ is slightly affected by the magnetic field above T ∼ 25 K and T0 is also slightly
affected up to 14.5 T. This robustness of ρ and T0 to the magnetic field at high temperatures
should be associated with the small magnetization along the b-axis. Below T ∼ 23 K, a positive
magnetoresistance is observed, and the lower the temperature, the larger the magnitude of
positive magnetoresistance. As shown in the inset in Fig. 5(a), ρ seems to show a continuous
increase up to much higher magnetic fields. This may be attributed to the cyclotron motion
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Fig. 4. (Color online) Temperature dependence of the electrical resistivity of CexLa1−xRu2Al10(x=1
and 0.1). I ‖ c and H ‖ a.
of conduction electron under a transversal magnetic field in a low-carrier system, which was
suggested by the result of the Hall effect.3) The results for H ‖ a are rather different from
those for H ‖ b. This should originate from the large difference in the magnitude of M .
Namely, M along the a-axis is much larger than that along the b-axis. For H ‖ a, above
T ∼ 15 K, a negative magnetoresistance is observed, which is the largest at ∼22 K. Even
at temperatures as high as 50 K, the observed negative magnetoresistance is still large. T0
decreases from 27 K atH=0 T to 26 K atH=14.5 T, which is consistent with the result of ∆l/l.
This strong magnetic field dependence of ρ originates from the large M along the a-axis. A
negative magnetoresistance above T0 should be attributed to the suppression of the scattering
of conduction electrons by a localized magnetic moment. The negative magnetoresistance,
which is observed down to T ∼ 15 K, is also of the same origin as that mentioned above.
Below T ∼ 15 K, a positive magnetoresistance is observed. As shown in the inset, at T=1.4
K, after showing a broad maximum at H ∼ 12 T, ρ shows a negative magnetoresistance
at higher fields. The positive magnetoresistance at low magnetic fields originates from the
transverse magnetic field effect for H ‖ b, and the origin of the negative one above ∼13 T may
be the same as that at high temperatures.
In the present study, we found the following important information on the LRO below T0.
From the study of CexLa1−xRu2Al10, it is revealed that T0 decreases gradually and disappears
at xc∼0.45. This critical concentration xc is comparable to that often observed in rare-earth
compounds. It is also revealed that T0 is suppressed by a magnetic field along the a-axis. These
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Fig. 5. (Color online) Temperature dependence of the electrical resistivity of CeRu2Al10 under the
magnetic field along (a) H ‖ b and (b) H ‖ a. The insets show the magnetoresistance.
two results indicate that the origin of the LRO is magnetic. Namely, the LRO is caused by the
interaction between Ce ions. The existence of the Kondo effect for x=0.1, the large negative
magnetoresistance for H ‖ a in a paramagnetic region for x=1, and the weak x dependence of
χa − T at high temperatures indicate that the Ce ion is in principle trivalent in this system.
Here, we discuss the origin of the transition at T0. A magnetic entropy as large as
∼0.65R ln 2 is released at T0. This strongly suggests that the magnetic entropy originates
from the CEF ground doublet and that the LRO is caused by some type of magnetic inter-
action. As was shown in our previous paper,6) in the LRO, there exists no internal magnetic
field, which indicates that the ground state is nonmagnetic. Although the possibility of mul-
tipole ordering could be considered, it is ruled out because the CEF ground state is expected
to be a well isolated doublet. Another important result of our previous study is that χ along
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all the crystal axes of a, b, and c shows a decrease below T0.
5) It was also proposed that
the unit cell is doubled below T0.
6) From these and the present results, we propose that the
ground state below T0 is a nonmagnetic singlet such as a spin-Peierls transition,
8, 9) although
many experimental results remain to be explained from this standpoint, as will be pointed
out later. The excited magnetic state is considered to be situated ∼100 K above the ground
state, as was estimated in our previous paper.5) From this standpoint, the volume shrinkage
below T0 could be naturally explained because in order to construct a singlet ground state,
the distance between Ce ions should be decreased. The large enhancement in the thermal
conductivity κ below T0
3) also could be explained as follows. The absolute value of ρ is large
and so κ is dominated by phonons. Below T0, by forming a singlet pair between Ce ions, the
vibration of Ce ions is suppressed. As a result, the mean free path of phonons is enhanced
below T0. In order to construct a singlet ground state, in any case, a singlet pair between Ce
ions should be formed. T0 is also observed in the La-doped system down to xc ∼0.45. This
suggests that a singlet pair should be formed not only between nearest neighbors but also
between Ce ions whose distance is expanded to the second- or third-nearest neighbors. The
sharp peak of C is rapidly smeared out by La doping but the magnetic entropy below T0 is
not markedly changed. These results suggest that even in La-doped systems, the singlet pair
is formed but the magnitude of the spin gap is distributed owing to La doping.
Here, we note the problems to be explained from the present standpoint that the singlet
ground state is constructed below T0. In many insulating 3d compounds, the singlet ground
state is often observed and has been extensively studied. In this case, the low dimensionality
of the array of 3d ion plays an essential role. However, in the present system, at present,
we do not know whether or not the low dimensionality exists in the crystal. Furthermore,
considering the appearance of the same LRO in La-doped systems, it is difficult to conjecture
what type of pair is formed. In the present system, the compound is not insulating but
has conduction electrons. It is expected that conduction electrons will contribute to singlet
pair formation. Another large difference between the 3d and 4f systems is the nonexistence
or existence of orbital degrees of freedom. In 3d systems, as a result of the orbital angular
momentum, L is quenched in many cases, and thus the ideal isotropic singlet ground state can
be formed. However, in 4f systems, L exists in a total angular momentum through the spin-
orbit coupling. Then, when the singlet ground state is formed, the existence of L should be
contained. YbAl3C3 is such an example.
10) As another example, Yb4As3 is well known as a one-
dimensional Heisenberg antiferromagnet.11, 12) In this compound, it has been discussed that
although the CEF ground state has a large magnetic anisotropy, the system could be expressed
as a one-dimensional isotropic S=1/2 Heisenberg antiferromagnet at a zero field.13) We also
consider that in CeRu2Al10, a similar discussion may be applicable and a singlet ground state
may be constructed. One of the characteristic features of CeRu2Al10 is that the magnitude
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of the Van Vleck term below T0 shows a large anisotropy. In YbAl3C3, its difference is small.
Another mystery is the very high T0 of CeRu2Al10. The interaction between Ce ions should
be an AFM one in order to form a singlet pair. In order for the LRO with a singlet ground
state to take place instead of the AFM order, the Peierls instability should be embedded in
the crystal. When x increases in CexLa1−xRu2Al10, the system changes from the impurity
Kondo to the Kondo semiconductor. How this variation with x is associated with the LRO
also remains to be explained. The small Curie term in χ below T0 in La-doped samples should
also be explained. Many problems remain to be solved in this system in the future.
To conclude, we have investigated the thermal and transport properties of
CexLa1−xRu2Al10 to clarify the origin of unknown phase transition at T0=27 K in CeRu2Al10.
We found that T0 decreases with decreasing x and that the T0 of CeRu2Al10 is suppressed
by a magnetic field along the a-axis. These clearly indicate that the transition is ascribed to
the interaction between Ce ions and that it has a magnetic nature. From the present results
together with those in our previous papers, we propose that the singlet pair between Ce ions
is formed below T0. However, there still remains many problems to be explained. Especially,
X-ray diffraction and inelastic neutron scattering should be performed to clarify the nature
of the LRO.
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